The purpose of this paper is to introduce a new modified compromise ranking method (VIKOR), known as sorting the possible alternatives and determining the compromise solution under interval-valued hesitant fuzzy sets (IVHFSs) for solving group decision-making problems in manufacturing systems. By using numerical measure and crisp data, the decision making is complex in real-life situations because the decision makers (DMs)' judgments are usually hesitant and vague. A more applicable and realistic approach based on interval-valued hesitant fuzzy elements (variables) is presented and defined as the inputs to the presented VIKOR method. The proposed interval-valued hesitant fuzzy modified VIKOR (IVHF-MVIKOR) 56
Introduction
Fuzzy set theory has been first introduced by Zadeh (1965) . It is a practical tool for uncertain and hesitant situations. Many researchers have extended the theory for real-life applications, such as interval-valued fuzzy sets (Turksen, 1986; Zadeh, 1975) , intuitionistic fuzzy sets (IFSs) (Atanassov, 1986) , fuzzy multi-sets (Miyamoto, 2000) , and hesitant fuzzy sets (HFSs) (Torra, 2010; Torra and Narukawa, 2009) . Also, numerous operators, aggregation, distance and similarity were introduced for fuzzy sets and their extensions. In HFSs, Torra and Narukawa (2009) and Torra (2010) defined some basic operators; then, Xia and Xu (2011) introduced some aggregations on HFSs, and Xu and Xia (2011) presented the distance and similarity on HFSs. Further, some operators on interval-valued hesitant fuzzy sets (IVHFSs) like aggregation operators were described, and the distance and similarity were defined by Farhadinia (2013) .
In recent years, the fuzzy sets theory and their extensions have been widely used in many different fields, such as social science (Heylen and Nachtegael, 2012) , economics (Vis et al., 2013) , engineering (Zhou et al., 2012; Makui et al., 2010; Mousavi et al., 2013b Mousavi et al., , 2013c , management (Mousavi et al., 2011; Patil and Kant, 2014) and decision making (Gitinavard et al., 2016b; Gitinavard and Zarandi, 2016; Vahdani et al., 2014a Vahdani et al., , 2014b Vahdani et al., , 2015 Salimi et al., 2013) .
Decision-making methods have involved an effective process that help human and companies in complex and different situations (e.g., Gitinavard et al., 2016a; Mousavi et al., 2013a Mousavi et al., , 2015 Mousavi et al., , 2016 Zhang and Xu, 2017) . In two decades, a diversity of decision-making methods has been developed to assist the DMs for choosing in the situation of multi-criteria analysis, such as simple additive weighting (SAW), analytic hierarchy process (AHP), the technique for order preference by similarity to ideal solution (TOPSIS), elimination and choice expressing reality (ELECTRE), and vlse kriterijumska optimisacija kompromisno resenje (VIKOR in Serbian) (e.g., Jajimoggala et al., 2011; Burmaoglu and Kazancoglu, 2012; Aktan and Samut, 2013; Kazemi et al., 2014; Mehregan et al., 2014; Soleymani et al., 2016) . Moreover, most decision-making methods are usually applied to solve the decision problems with a decision maker (DM) while for the importance and complexity of real-world problems several DMs as group decision making (GDM) should be considered to make a best decision Ebrahimnejad et al., 2014) . The GDM methods by respecting to the various preferences of the DMs can be applied to discover the most absorbing possible alternative; recently, multi-criteria group decision making (MCGDM) has received significant attention (Bordogna et al., 1997; Hatami-Marbini et al., 2013; Morais and de Almeida, 2012) . In addition, more investigations have been done on GDM problems (Parreiras et al., 2010; Pedrycz et al., 2011) ; for instance, in context of fuzzy linguistic preference relations (Xu et al., 2013) , interval-valued intuitionistic set (Wan and Dong, 2014) , HFS (Zhang et al., 2014) , and hesitant fuzzy linguistic term (Rodriguez et al., 2012) .
In the field of manufacturing systems, Chatterjee and Chakraborty (2014) considering three well-known decision making tools as preference ranking organisation method for enrichment evaluation, grey relation analysis and TOPSIS methods. Ji Shukla et al. (2014) proposed a decision making framework based on grey technique for the manufacturing system selection. Ervural et al. (2016) proposed a GDM approach to assess the FMS with hesitant fuzzy information. Chakraborty et al. (2015) presented the weighted aggregated sum product assessment method by integrating the weighted sum method and weighted product model for solving five real time manufacturing problems. Jamali et al. (2015) presented an integration approach based on stepwise weight assessment ratio analysis method and complex proportional assessment of alternativesgrey for solving the advanced manufacturing systems problems. Sadeghian and Sadeghian (2016) presented a decision support system with artificial neural networks and fuzzy analytic network process to choose the most suitable flexible manufacturing system (FMS). Mittal et al. (2017) utilising the fuzzy AHP and Shainin system for productivity improvement under manufacturing environments. This paper deals with the GDM problem described by the HFSs under multiple criteria, in which the DMs could assign their membership degrees to each possible alternative with respect to the criteria. A new formulation is presented for the weight of each DM along with each weight of criteria. Also, the normalised hamming distance and Manhattan distance for HFEs have been used, and then new indexes are introduced with interval-valued hesitant fuzzy distance measure for the purpose of rankings. In sum, the main contributions of the proposed IVHF-MVIKOR method are expressed as follows:
• Proposing a new modified compromise ranking method under the IVHFenvironment.
• Introducing new operators for addition and multiplication for the HFS and IVHFS.
• Presenting an operator for computing the relative importance of the DMs.
• Introducing new index for the ranking of the possible alternatives by utilising the Manhattan distance measure and Hamming distance measure in the process of compromise ranking procedure.
Furthermore, a comparative analysis is considered between the proposed IVHF-MVIKOR method and two decision methods from the recent literature, i.e., IF-ELECTRE and IF-TOPSIS, to solve the MCGDM problems in manufacturing systems.
The remainder of the paper is as follows; Section 2 proposes a new extension of VIKOR method in IVHFSs' situations. Section 3 presents a practical example to show the application of proposed IVHF-MVIKOR method and then a comparative analysis is conducted to show the efficiency of the proposed method. Section 4, a sensitivity analysis on the relative importance of the experts is provided. Moreover, in Section 5, we end our paper with some conclusions. Finally, some basic preliminaries of the HFSs and the steps of classical VIKOR method are defined in Appendix A.1 and A.2, respectively.
Proposed IVHF-MVIKOR method
According to the Table 1, expressing that for alternative i(i = 1, 2, …, m) with respected to criterion j(j = 1, 2, ..., n), the DMs can assign some membership degrees at them. For example,
it means that we have k DMs that they can assign membership degrees for m th alternative with respect to n th criterion. 
Also, a new IVHF-MVIKOR method presented in this paper is shown in Figure 1 . The proposed IVHF-MVIKOR method contains the following steps:
Step 1 Determine the relative importance weight of each DM .
In the GDM, k DMs have existed. The importance of the DMs is expressed by linguistic terms which are converted to interval-valued hesitant fuzzy values.
Let
[ , ]
be a membership degrees that k th DM assigned to an alternative versus the selected criteria. Then, the weight of k th DM can be obtained as below:
Then, the weight of k th DM is defined as .
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Step 2 Construct weighted IVHF-decision matrix by considering the DM's weight. 
Step 3 Aggregate weights of main criteria.
All main criteria may not be considered to be equal importance in practice. In order to obtain the w j , the DMs' judgments for the importance of each main criterion are required to be considered. Let, [ , ] 
be an IVHFS assigned to criterion C j by the k th DM. Also based on definition A.7 in Appendix, this paper introduces a generalised interval-valued hesitant fuzzy weighted aggregation (GIVHFWA) as below: ( , , , )
Step 4 Determine the interval-valued hesitant fuzzy aggregation for each possible alternative, with respect to each criterion. Based on definition A.8 in Appendix, this paper develops an interval-valued hesitant fuzzy weighted geometric (IVHFWG) operator for decision problems as below:
Then, the aggregated weighted decision matrix is converted as follows:
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Step 5 Positive and negative ideal solutions are defined as below:
max , , , ,
Step 6 Calculate values of S i and R i regarding to the interval-valued hesitant fuzzy values.
According to the normalised interval-valued hesitant fuzzy hamming distance, S i and R i are computed as follows:
Step 7 Proposed interval-valued hesitant fuzzy value (Q i ) is established based on compromise solution index in traditional VIKOR method and weighting approach which is provided as the strategy of maximum group utility (υ) and the individual regret (1 -υ) to determine the final ranking alternatives. In this respect, the proposed interval-valued hesitant fuzzy value is computed regarding to the hesitant fuzzy Manhattan distance measure as follows:
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where
Then, we can conclude as:
max max max max
Step 8 By decreasing order, sorting each proposed Q value and then ranking the possible alternatives.
Practical example in manufacturing systems
In this section, a practical example in manufacturing systems is given in order to represent details of the proposed IVHF-MVIKOR method step by step. This practical example has been adapted from the recent literature in the FMSs .
Considering a company manufacturing that has wanted to renew the manufacturing system. This company for manufacturing a group of products should assess and choose the most suitable one among the possible alternatives as FMSs. There are five alternatives (FMSs) denoted as A 1 , A 2 , A 3 , A 4 and A 5 . These possible alternatives are determined and then are evaluated by three DMs versus five selected criteria for the evaluation. The functional requirements (FRs), respecting to the properties of the product group manufactured by a company that should be satisfied by the FMS, are defined as below (Kulak and Kahraman, 2005; Tavakkoli-Moghaddam et al., 2010 ):
• Quality of results (C1): This evaluation factor is related to the evaluation of technological processes. The factor can be provided as a vector of components with the special case of uni-dimensional value as a synthetic measure.
• Ease of use (C2): This evaluation factor is related to the usability that can be the ease of use and learnability of a human-made object.
• Competitive (C3): This evaluation factor is related to the competitive systems and practices qualifications that can be designed for workers, to assist organisations who can implement a continuous improvement.
• Adaptability (C4): This evaluation factor is related to the ability of an entity or organism to alter itself or its responses to new condition or environment.
• Expandability (C5): This evaluation factor is related to the ability of a manufacturing system to accommodate additions to its capacity or capabilities.
The importance weights of the three DMs and five criteria are defined by using the linguistic terms, which are defined in Table 2 . The performance ratings of each possible alternative with according to criteria are shown by the linguistic terms, which are defined in Table 3 . The ratings of the five possible alternatives using the linguistic variables, and their respective interval-valued hesitant fuzzy values in Table 3 are regarded as judgments by the DMs according to each criterion and are explained in Table 4 . 
Table 7
Criteria weights regarding to the linguistic variables
All DMs have a unique importance. Thus, this group is a heterogeneous committee, and their relative importance is shown in Table 5 and is calculated by equation (39) (step 1). The weighted interval-valued hesitant fuzzy decision matrix by considering the DM's weight is shown in Table 6 (step 2) . Also, the linguistic weight of each criterion is described on Table 7 as linguistic terms. As shown in Table 8 , aggregated the DM's weight and criteria' weights are calculated by equation (7) (step 3). Then, aggregated interval-valued hesitant fuzzy decision matrix is computed by equation (8). The computational results are shown in Table 9 (step 4).
Table 8
Weights of the criteria and their aggregations with respect to relative importance of the DMs Table 9 Aggregated interval-valued hesitant fuzzy decision matrix according to the weight of each criterion (12) and (13) with respect to the normalised Hamming distance (step 6), and the values of Q i are calculated by equation (14) according to the Manhattan distance for hesitant fuzzy elements (step 7). Finally, by sorting of Q values, the possible alternatives are ranked (step 8). The computational results are provided for the ranking purpose in Table 10 . Now, a comparative analysis is represented in the practical example of FMSs for the manufacturing systems among the proposed IVHF-MVIKOR, IF-ELECTRE method by Vahdani et al. (2013) and IF-TOPSIS method by Boran et al. (2009) . With respect to the relative closeness coefficient of each possible alternative and separation measures in the hesitant fuzzy environment, calculative results of the IF-TOPSIS method are shown in Table 11 
Sensitivity analysis
In this section, the sensitivity analysis is provided to represent the impact of experts' weights in interval-valued hesitant fuzzy values for ranking of the alternatives. In this case, the weight of each DM is changed to represent that difference experts' weights can be affected on interval-valued hesitant fuzzy values or not. The analysis shows that the interval-valued hesitant fuzzy values are sensitive to the experts' weights. On the other hand, changing the experts' weights lead to difference rankings' results. Given the computational results of sensitivity analysis in Table 12 . In this respect, the results indicate that the changing the first expert's weights affects on the ranking of alternatives. However, the trend of interval-valued hesitant fuzzy values changes are depicted in Figure 2 . 
Conclusions and management insights
FMS is capable of processing different styles, parts, and production quantities in manufacturing systems. In this respect, group decision-making tools are well-known fields which could help the companies to solve their decision making problems. In this case, the manufacturing companies can consider new extensions of fuzzy set theory regarding to the group decision-making tools to cope with existed uncertainty in manufacturing system problems. The new extensions of fuzzy sets assist the DMs to apply more practical ways to simulate real-conditions by utilising the membership degrees as interval-valued forms in order to demonstrate the degrees of satisfiability. Meanwhile, the interval-valued HFSs permit to a group of DMs or experts that prepare an additional possibility in order to demonstrate incomplete knowledge in real-life situations. This paper has presented a new interval-valued hesitant fuzzy version of modified VIKOR method, namely IVHF-MVIKOR, for solving multi-criteria group decision-making (MCGDM) problems. The proposed IVHF-MVIKOR method by a group of the DMs within the compromise solution process is more applicable in the uncertain situations and applications for management and engineering fields. For this intent, the rating of each possible alternative according to each criterion and the relative importance of each DM have been calculated by new formulations, in which linguistic terms have been considered as demonstrated by interval-valued hesitant fuzzy numbers. In fact, the interval-valued hesitant fuzzy weighted aggregation operator has been used to aggregate judgments of the DMs. This aggregation index has been defined for the complex decision problem, which is developed from the concept of IVHFWG. The index has considered each weight of evaluation criteria and each relative importance of the DMs simultaneously. A practical example in the FMSs has been presented to show the suitability and applicability of the proposed IVHF-MVIKOR method. Furthermore, the proposed method has been compared to two decision methods from the recent literature, namely IF-ELECTRE and IF-TOPSIS, to solve the decision problem in FMSs. For management insights of solving manufacturing system problems, the companies can consider the proposed approach of this study by copping with existed uncertainty in these problems. Hence, manufacturing companies can determine the weight of each DM to represent the level of DMs' expertise in the evaluation field of manufacturing system problems. In this regard, the sensitivity analysis has been represented that the ranking results have been sensitive to the experts' weights. In addition, considering the presented approach can help the managers determine the criteria' importance, such as quality of results, ease of use, competitive, adaptability and expandability, which can be most important to identify strength and weak points of the companies. For future direction, developing a new procedure for determining the criteria' weights based on an algorithmic structure with hybrid interval-valued hesitant fuzzy and interval-valued intuitionistic fuzzy information can enhance the proposed approach.
